Background {#Sec1}
==========

Genetic selection for increased litter size in pigs has resulted in many sows giving birth to more live piglets than they are capable of nursing. The competition for teats leads to increased pre-weaning mortality due to crushing and starvation \[[@CR1]\]. Therefore, selection on teat number has begun to ensure that sows can nurture all of their piglets \[[@CR2]\]. Number of piglets born in the largest 25% of litters in purebred Danish Large White and Landrace exceeded 18 in sows born in 2009 \[[@CR3]\], which indicates that the number of piglets born was larger than the number of teats for a substantial proportion of litters. Number of teats in pigs is a variable and heritable trait. Number of teats differs between breeds, for example \[[@CR4]--[@CR6]\], and is moderately heritable \[[@CR7]--[@CR10]\]. Numerous genome scans have been conducted for number of teats in pigs (QTLdb; <http://www.animalgenome.org/cgi-bin/QTLdb/SS/index>), yet to date, few causative genes (or variants) have been discovered.

Most early studies used crosses between Meishan and occidental F~2~ swine populations and detected the largest QTL on either *Sus scrofa* chromosome SSC1 or 7 \[[@CR6], [@CR11], [@CR12]\]. These QTL on SSC1 and seven coincided with QTL for vertebra number or carcass length, which led to the hypothesis that vertebra and teat number were controlled by common genes \[[@CR6], [@CR13]\]. Putative causative genetic variations for vertebra number in the *NR6A1* gene \[[@CR14]\] on SSC1 and the *VRTN* gene \[[@CR15]\] on SSC7 have been associated with variation in teat number in Meishan × occidental cross populations \[[@CR6], [@CR12]\]. *VRTN* has also been associated with teat number in commercial swine populations \[[@CR13], [@CR16], [@CR17]\].

While the presence of mammary glands is a defining character of species in the class Mammalia, location and number of mammary glands across species are quite variable \[[@CR18]\]. Mammary glands commonly exhibit bilateral symmetry \[[@CR19]\] and variation in number of functional mammary glands within a species is relatively low. Among the farmed artiodactyl species, only pigs have thoracic/pectoral and abdominal mammary glands, in addition to the inguinal mammary glands that are present in all artiodactyls. Mice are a common model mammalian species, yet they lack abdominal mammary glands and male pups do not have any visible teats at all. A greater understanding of mammary gland development is necessary to fully exploit the genetic variation present in pigs.

In early embryonic development of mammals, three separate streaks of multilayered surface ectoderm will form a mammary line that spans from the axilla to the inguen (groin) of the embryo. Mammary line cells will either group together or regress and eventually form mammary rudiments, which can later develop into functional mammary glands. As the gland continues to form, milk canals and nipples develop, completing the process. The developmental process in mice suggests that each pair of mammary glands develops at its own pace and may be regulated by different mechanisms \[[@CR19], [@CR20]\]. While male mouse embryos develop mammary rudiments, these structures typically regress prior to birth \[[@CR19]\].

Studies have shown that spontaneous events and genetic mutations can result in bilateral asymmetry of mammary development in mice. Fernández et al. \[[@CR9]\] speculated that the observed fluctuating asymmetry in the number of nipples in pigs may be caused by disruption of co-adaptive gene complexes, which results in developmental instability. Fluctuating asymmetry has been studied in numerous species and it is often associated with increased stress or disease during critical development time periods.

Therefore, to increase our knowledge on the genetic factors that regulate mammary gland development in pigs, we conducted genome-wide association studies (GWAS) for various measurements of teat number in a composite population of commercial pigs. Individual counts of number of teats on each side were collected to evaluate bilateral symmetry and to determine if selection on total number of teats was the most effective measurement to record. Single nucleotide polymorphisms (SNPs) that were highlighted in the GWAS were then evaluated in an expanded population which contained germplasm from additional lines of commercial pigs. The results presented will be useful to enhance selection for increased lactation capacity as well as identify potential candidate genes that affect mammary gland development.

Methods {#Sec2}
=======

Data collection {#Sec3}
---------------

### Description of the population {#Sec4}

The population of pigs used for this study was a ½ Landrace--¼ Duroc--¼ Yorkshire composite population that was created in 2001 and maintained as a closed population through 2010 as previously described \[[@CR21]\]. Animals born in 2011 were from dams of this population and sired by Landrace boars from industry suppliers, while animals born in 2012 were sired by Yorkshire sires from industry sources. All pigs produced were processed at 1 day of age, when the number of teats was recorded and the tail docked and stored for DNA extraction as part of the standard operating procedure which has been approved by the USMARC IACUC committee. Animals born from May 2008 to August 2009 had number of teats recorded for left and right sides.

### Genotypic data {#Sec5}

Extraction of DNA from tail tissue was done using the Wizard^®^ genomic DNA purification kit for genomic DNA purification according to the manufacturer's protocols (Promega Corp., Madison, WI, USA). Approximately 75 ng of genomic DNA was then used in the reactions for the Illumina genotyping platforms. Assays using the Illumina Porcine SNP60 BeadChip v1 were done at USMARC and the chips were scanned at USDA-ARS-BARC Bovine Functional Genomics Laboratory, while all other genotyping analyses were done at GeneSeek (Lincoln, NE, USA). In total, 2951 Landrace--Duroc--Yorkshire pigs were genotyped with the Illumina Porcine SNP60v1 BeadChip and used for the GWAS. In addition, 2502 animals from either the closed Landrace--Duroc--Yorkshire population (n = 1275) or animals sired by commercial boars (n = 1227) were genotyped using one of the other three Illumina-based genotyping platforms (Illumina Porcine SNP60v2 BeadChip; NeoGen Porcine GGP and NeoGen Porcine GGPHD) and were included in the validation phase analyses.

Data analysis {#Sec6}
-------------

### Model development {#Sec7}

The appropriate statistical model for genome-wide association was determined based on analyses that were conducted using all animals that had recorded teat counts for left and right sides (n = 6472). Evaluated phenotypes were total (TTN), left (LTN) and right (RTN) teat number. In addition, maximum number of teats on one side (MAX), left minus right side teat number (L − R) and the absolute value of L − R were also analyzed (DIF). An animal model, which fit sex and contemporary group as fixed effects, percentage of males born in the litter as a covariate and litter as a random effect, was initially run as the full model using WOMBAT \[[@CR22]\]. Reduced models in which one effect was eliminated were run and the residual and phenotypic variances were estimated, and then these were compared with the estimated variances from the full model. The order in which effects were eliminated was based on the predicted effects and was as follows: percentage of males in the litter, sex of the animal, and lastly the random effect of litter. This procedure was conducted on all six phenotypes studied.

### Genome-wide association analyses {#Sec8}

The dataset for GWAS included only animals with teat count records (total or left and right side data) and that were genotyped with the Illumina Porcine SNP60v1 BeadChip (n = 2951) using GENSEL v4.61R (<http://bigs.ansci.iastate.edu>). However, only 1828 animals had data for individual side counts. BayesC *π* was initially run to estimate variance components and *π* for the final genome-wide association analyses for which a minimum of 4000 iterations were conducted after removing 100 iterations for burn-in. Posterior estimates of *π* were evaluated to determine if the estimate of *π* had converged. For some traits, it was necessary to run more iterations to obtain a stable estimate of *π*. Genome-wide associations were conducted running BayesC with a prior as determined in the BayesC *π* runs. A total of 41,000 iterations were performed with the first 1000 discarded for posterior summaries. A 1-Mb window approach was conducted as described by Rohrer et al. \[[@CR23]\]. Therefore, SNPs were required to have a unique position in the current swine genome (Build 10.2; \[[@CR24]\]) resulting in 41,148 SNPs included in the final analyses. A fixed effect for contemporary group was included for all traits. A covariate for number of copies of the B allele of SNP NV090 \[[@CR15]\], to account for the effect of *VRTN* alleles, was fitted for TTN, LTN, RTN and MAX. Genotypes for SNP NV090 were predicted as previously described \[[@CR16]\]. SNP NV090 was selected because it is located 6 kb upstream of the transcriptional start site for *VRTN* (based on GenBank Accession AB554652), gave very reliable genotypes in our lab and was found to be in complete linkage disequilibrium with the 291-bp insertion into the intron of *VRTN* (NV123) \[[@CR23]\], which may actually be the causative mutation. Windows that explained more than 1% of the genomic variation are presented.

### SNP validation {#Sec9}

The SNP that explained the highest proportion of genomic variation for each 1-Mb window explaining more than 1.5% of the genomic variation for any count trait (TTN, LTN, RTN or MAX) was identified (see Additional file [1](#MOESM1){ref-type="media"}: Table S1) and used for this evaluation. All animals from the USMARC herd with SNP genotypes that were obtained from any of the four Illumina-based platforms were included (n = 5453). This included an additional 1275 animals from the closed Landrace--Duroc--Yorkshire population and 1227 animals sired by commercial boars. For SNPs that were not genotyped on an animal, genotypes were imputed using FImpute \[[@CR25]\] based on information on flanking SNPs and at least three generations of pedigree data. All SNPs were fitted simultaneously by including a covariate for number of copies of the B allele. When two SNPs had a linkage disequilibrium coefficient exceeding 0.8, one of the SNPs was eliminated from the model. The only phenotypic data available for all animals was TTN. An animal model was fit using at least three generations of pedigree data and including fixed effects for contemporary group and breed of sire as well as a covariate for the effect of *VRTN* alleles (also imputed for this dataset using FImpute). Additive genetic variance was estimated in this dataset both with and without fitted SNPs to determine the percentage of genetic variation represented by the effects of SNPs. Candidate genes were selected by manually inspecting genes that were positioned within QTL regions based on the UCSC Genome Browser Gateway ([www.genome.ucsc.edu/cgi-bin/hgGateway](http://www.genome.ucsc.edu/cgi-bin/hgGateway)) using Sscrofa 10.2 genome build.

Results {#Sec10}
=======

Descriptive statistics and estimates of heritabilities obtained from the analysis of 6472 animals with data recorded for TTN, LTN, RTN, MAX, L − R and DIF are in Table [1](#Tab1){ref-type="table"}. The fixed effect of sex as well as the regression coefficient for percentage of males in a litter did not affect estimates of residual or phenotypic variance for any trait analyzed and were removed from the model. The random effect of litter accounted for only \~2.5% of the phenotypic variation for TTN, LTN, RTN and MAX and heritabilities of 0.41, 0.32, .023 and 0.29 were estimated, respectively. When the random effect of litter was removed from the model for the four count traits, phenotypic variance increased by approximately 3% while the estimate of additive genetic variation increased by an average of 21% and residual variance decreased by an average of 6%. Therefore, it was concluded that the random effect of litter was absorbing some of the additive genetic variation and removing this term seemed appropriate. When the random effect of litter was removed, estimated heritabilities were highest for TTN (0.49), intermediate for MAX (0.40), LTN (0.38) and RTN (0.30) and nil for L − R and DIF.Table 1Descriptive statistics and estimates of variance components for the population of animals (n = 6472) used for statistical model developmentTraitResidual varianceAdditive genetic variancePhenotypic varianceHeritability (SE)MeanRangeTTN0.5920.5781.1710.494 (0.038)14.738 to 21LTN0.2420.1490.3900.381 (0.037)7.325 to 13RTN0.3190.1370.4560.301 (0.035)7.412 to 12MAX0.2340.1540.3890.397 (0.037)7.596 to 13L − R0.5250.0000.5250.000 (0.003)−0.08−4 to 7DIF0.3240.0020.3260.006 (0.005)0.450 to 7*LTN* left side teat number, *MAX* maximum teat number of a side, *RTN* right side teat number, *TTN* total teat number, *L* − *R* difference between LTN and RTN, and *DIF* absolute value of L − R

Genome-wide association study {#Sec11}
-----------------------------

Summary statistics from the GENSEL analyses are in Table [2](#Tab2){ref-type="table"}. Genotypic data from the Illumina Porcine SNP60v1 BeadChip \[[@CR26]\] were available for 2951 animals with TTN records, of which a subset (n = 1828) had number of teats recorded on each side. Genotypic data for SNPs that had a unique location on the *S. scrofa* build 10.2 \[[@CR24]\], a minor allele frequency higher than 0.05 and a call rate higher than 80% were considered, which resulted in 41,148 SNPs after editing. SNP heritabilities (i.e. genomic heritabilities) were highest for TTN (0.233), intermediate for individual side counts (0.088 to 0.115) and virtually nil for difference traits (0.002 for L − R and 0.006 for DIF).Table 2Summary statistics from GENSEL genome-wide association analysis of animals genotyped with the Illumina Porcine SNP60v1 BeadChip (n = 2951)TraitGenomic variance (GV)Phenotypic varianceGenomic heritabilityNumber of 1-Mb windows \>1% GVPercent of GVexplained by 1-Mb windows^a^MeanRangeTTN0.2210.9480.2331530.615.88 to 20LTN0.0340.3560.0961857.47.65 to 10RTN0.0350.3960.0881350.67.72 to 10MAX0.0400.3450.1151854.27.96 to 10L − R0.0010.5280.00249.2−0.05−3 to 4DIF0.0010.3120.006626.00.470 to 4*LTN* left side teat number, *MAX* maximum teat number of a side, *RTN* right side teat number, *TTN* total teat number, *L* − *R* difference between LTN and RTN, and *DIF* absolute value of L − R^a^Percentage of phenotypic variation explained by markers, as predicted by GENSEL, that was explained by SNPs contained in 1-Mb windows that exceeded the 1% genomic variation threshold

The number of 1-Mb windows that explained more than 1% of the genomic variation detected was 15 for TTN, 18 for LTN, 13 for RTN and 18 for MAX (Fig. [1](#Fig1){ref-type="fig"}). These regions cumulatively accounted for over 50% of the genomic variation in LTN, RTN and MAX, while they only explained 30% of the genomic variation in TTN. Ten 1-Mb windows were associated with more than one trait. Most notable was the chromosome SSC10:52 Mb which was associated with all four count traits, while SSC10:60 and SSC14:54 Mb were associated with three of the four count traits. The 1-Mb windows that explained more than 1% of the genomic variation are in Fig. [1](#Fig1){ref-type="fig"}. The estimated additive effects of *VRTN* were equal to 0.35 for TTN, 0.16 for LTN, 0.19 for RTN and 0.17 for MAX. Information on all 1-Mb windows that explained more than 0.40% of the genomic variation and the SNPs that are associated with the most variation are in Additional file [1](#MOESM1){ref-type="media"}: Table S1.Fig. 1Manhattan plot of GENSEL genome-wide association analysis for count traits. *Horizontal* axis is the position on the swine genome (Build 10.2) and the *vertical* axis is the percent of genomic variation associated with each 1-Mb window

Several 1-Mb windows that explained more than 1% of the genomic variation for L − R (n = 4) and DIF (n = 6) were detected; however, these results are likely meaningless since the estimated genomic variation was nearly zero (Table [2](#Tab2){ref-type="table"}). A region with a large effect on DIF was found on SSC8 between 95 and 96 Mb and accounted for over 20% of the genomic variation. Cumulatively, the regions that explained more than 1% of the genomic variation for these traits accounted for \<0.2% of the observed phenotypic variation.

Thirty-six SNPs (including the SNP in *VRTN*) that were located in 32 unique 1-Mb windows were selected for the validation phase. Three SNPs were removed because they created multi-colinearity among the regression coefficients due to high linkage disequilibrium. All three SNPs were within a 1-Mb window represented by multiple SNPs, which were associated with different phenotypes. In total, the SNPs accounted for \~39% of the additive genetic variation estimated for this dataset. The effect of *VRTN* was 0.335 for TTN. The magnitudes of the estimated additive effects for eight SNPs were between 0.10 and 0.14, 12 SNPs had additive effects that ranged from 0.05 to 0.10 and 12 SNPs had estimated effects that were \<0.05 (Table [3](#Tab3){ref-type="table"}).Table 3Results of additive effects of SNPs in the validation population (n = 5453) for TTN with positions based on *S. scrofa* build 10.2Chr.PositionSNP nameAdditive effectPrevious associationPrevious references1181,741,697ASGA00050930.116TTN^a^259,489,740INRA0008845−0.073LTN, MAX281,675,738ALGA0014021−0.031RTN349,321,597H3GA00094500.059MAX\[[@CR6], [@CR11], [@CR13]\]3134,660,431MARC00906990.069LTN\[[@CR11], [@CR13]\]425,899,175DRGA0004616−0.103LTN\[[@CR11], [@CR40]\]433,780,262ALGA00243790.031RTN, TTN\[[@CR11], [@CR40]\]5252,858H3GA0017369−0.061RTN\[[@CR34]\]6157,649,704M1GA0009139−0.071LTN\[[@CR11], [@CR50]\]7103,208,408*VRTN*/NV0900.335LTN, MAX, RTN, TTN\[[@CR6], [@CR12], [@CR13], [@CR16], [@CR17], [@CR50]\]7124,146,658MARC0073407−0.039LTN\[[@CR11]\]816,445,414ALGA00466110.077TTN\[[@CR12], [@CR51]\]837,492,529ALGA0047617−0.127LTN, MAX\[[@CR13]\]1051,681,377DIAS0002581−0.034LTN\[[@CR13], [@CR33]--[@CR35], [@CR43]\]1052,456,152H3GA0030271−0.062LTN, MAX, RTN, TTN\[[@CR13], [@CR33]--[@CR35], [@CR43]\]1052,679,135MARC00183990.137LTN, MAX, RTN, TTN\[[@CR13], [@CR33]--[@CR35], [@CR43]\]1056,365,810ASGA01030670.027MAX\[[@CR11], [@CR13], [@CR33], [@CR34]\]1058,071,987ASGA00483020.029MAX\[[@CR11], [@CR13], [@CR33], [@CR34]\]1060,511,977ASGA0048404−0.044MAX, RTN, TTN\[[@CR11], [@CR33], [@CR34]\]1226,420,000ALGA0065784−0.038MAX\[[@CR11], [@CR33], [@CR34]\]13146,433,577H3GA0037388−0.123LTN, MAX1429,780,586M1GA00184590.123LTN, TTN1441,043,761ASGA00628480.106LTN1451,173,806ASGA00632860.017RTN1452,942,907ALGA00775320.016RTN1453,370,377ASGA0063370−0.062MAX, RTN1454,744,215H3GA00402200.093MAX, RTN, TTN1454,791,585ASGA0063388NA^a^MAX, RTN, TTN1454,867,498MARC0059175NA^a^MAX, RTN, TTN1455,003,669ASGA00633950.125MAX, RTN1455,429,701ASGA0063406NAMAX, RTN1537,205,130ASGA0069274−0.030LTN\[[@CR50]\]1635,144,613ALGA00901500.068TTN\[[@CR11], [@CR52]\]1650,977,092MARC00281250.083MAX\[[@CR11], [@CR52]\]184,400,270ASGA0095800−0.063MAX\[[@CR13]\]1822,976,763ALGA00974070.039LTN\[[@CR53]\]*LTN* left side teat number, *MAX* maximum teat number of a side, *RTN* right side teat number, *TTN* total teat number^a^This SNP was not analyzed due to high linkage disequilibrium with another SNP included in the analysis^b^Trait which originally exceeded the 1.4% genomic variation

Discussion {#Sec12}
==========

How the development of the mammary gland has evolved is an interesting issue. It was observed by Aristotle more than 2000 years ago (as referenced by Diamond \[[@CR27]\]) and shown more recently by Gilbert \[[@CR28]\] that natural selection results in a number of teats equal to the maximum litter size expected, which is approximately twice the average litter size. However, selection for increased fecundity in livestock species (primarily swine and sheep) has resulted in litter sizes that exceed lactational capacity for many litters, thus requiring artificial rearing and/or cross-fostering of young to increase survival. Therefore, in these species, selective pressure needs to be placed on lactational capacity to increase neonatal survival and reduce the cost of production. Understanding the genetic mechanisms that regulate mammary gland development and teat number will contribute to the design of an optimal strategy for selection.

Genetic factors that control teat number {#Sec13}
----------------------------------------

We detected several interesting genomic regions that affect number of teats in commercial-type pigs. Foremost, was the confirmation of the association between SNPs in *VRTN* and number of teats. This association was also found by Ding et al. \[[@CR6]\] and Duijvesteijn et al. \[[@CR13]\]. While these two groups speculated that teat number and vertebra number are controlled by a similar set of genes, none of the regions reported in Table [3](#Tab3){ref-type="table"} for TTN were found to be associated with vertebra number in this population \[[@CR23]\]. However, two regions for individual side counts did overlap with QTL for vertebra number, i.e. SSC5:0 and SSC12:26 Mb. The region on SSC5:0 Mb which explained 5.53% of the genomic variation for RTN is adjacent to the region that explained 2.22% of the genomic variation for thoracic vertebra number. Two candidate genes in this region include *ceramide kinase* (*CERK*) which produces ceramide-1-phosphate and has a role in cell proliferation and migration \[[@CR29]\] and *CELSR1*, a regulator of planar cell polarity \[[@CR30]\]. The region on SSC12:26 Mb explained 2.27% of the genomic variation for MAX, 8.59% of the genomic variation for lumbar vertebra number and 4.74% of the genomic variation for thoracolumbar vertebra number. This region is within the *COL1A1* gene. Mutations in *COL1A1* cause osteogenesis imperfecta leading to reduced bone mass and increased fracture. Two other potential candidate genes are the homeobox proteins *DLX3* and *DLX4* at 26.2 Mb on SSC12 but, to our knowledge, no role of these genes in mammary gland development has been described. *DLX3* induces the degradation of p63 \[[@CR31]\] a transcription factor that is necessary for epidermal--mesenchymal interactions during embryonic development. Mice that lack p63 have no mammary glands \[[@CR32]\]. In spite of the large contributions of these regions in the GWAS, their additive effects in the validation phase of this study were extremely low (0.061 and 0.038, respectively).

The region with the most consistent and largest effects on all teat count traits (SSC10:52) was also found by Duijvesteijn et al. \[[@CR13]\] in Large White pigs as well as in several studies that used Meishan by occidental F~2~ populations \[[@CR33]--[@CR35]\]. This region contains the candidate genes *MPP7* and *FRMD4A*. *FRMD4A* resides within a copy number variation (CNV) region \[[@CR36]\] and both *FRMD4A* and *MPP7* regulate the polarization of epithelial cells \[[@CR37], [@CR38]\]. The region on SSC10:60 Mb was reported by Guo et al. \[[@CR11]\] who suggested *PLXDC2* as a possible candidate gene, which encodes a transmembrane receptor for the neurotrophic factor PEDF \[[@CR39]\]. Hirooka et al. \[[@CR33]\] and Rodríguez et al. \[[@CR34]\] reported broad QTL intervals that spanned all of the 1-Mb windows on SSC10 reported in the current study.

The region on SSC4:25 Mb explained a high percentage of the genomic variation for LTN and had an additive effect on TTN of 0.103 in the validation population. Guo et al. \[[@CR11]\] and Tortereau et al. \[[@CR40]\] reported that this region segregated in Meishan cross populations. A potential candidate gene is *TRPS1*, which encodes a transcriptional repressor that regulates epithelial-mesenchymal transition \[[@CR41]\] is required for morphogenesis during embryonic mammary gland development \[[@CR42]\].

The region on SSC14:51--55 Mb has not been associated with teat number in pigs based on QTLdb and no obvious positional candidate genes were identified. This region had a large effect on RTN and MAX and the association with TTN was validated in the larger population. The SNP with the greatest estimated effect on TTN in the validation data was located at 55.00 Mb on SSC15 only 70 kb from the *T*-*box 1 transcription factor* gene (54.93 Mb). T-box transcription factors are critically important for normal tissue and organ development in the embryo. GWAS results for this region revealed a broad peak that spans several Mb. Several of the SNPs tested in the validation phase were in high linkage disequilibrium which made it difficult to directly pinpoint which SNP had the largest effect. Thus, multiple causative genes/variants are possible.

Other novel QTL regions with estimated additive effects exceeding 0.10 were on SSC1:181, SSC8:37, SSC13:146, SSC14:29 and SSC14:41 Mb. Unfortunately, identification of obvious candidate genes was unsuccessful. Although the SSC1:181 Mb region includes two genes for multiple epidermal growth factors (*MEGF6* and *MEGF11*) and the SSC14:41 Mb region contains two genes that are involved in the modulation of the NOTCH signaling pathway (*DTX1* and *RITA1*), these genes have not been shown to affect mammary gland development.

An unexpected finding is that among the eight regions discussed above, all with additive effects \>0.1 in the validation population, five (SSC4:25, SCC8:37, SCC10:52, SCC13:146, and SCC14:55 Mb) were identified to have CNV segregating within the studied population \[[@CR36]\]. Additional research is necessary to validate these CNV, determine their inheritance and test for association with teat counts.

Mammary gland development in the pig {#Sec14}
------------------------------------

The concept that additional mammary glands arise from somite division in the developing embryo is supported by the effects of the *VRTN* gene that were observed on vertebra number and teat count \[[@CR6], [@CR12], [@CR16], [@CR17], [@CR23]\] and of the *NR6A1* gene on SSC1 \[[@CR6]\]. However, since genetic variation within *NR6A1* is only observed in crosses between Asian and European breeds, we were not able to evaluate this result. In spite of these two co-localizations of vertebra number and teat count in the proximity of *VRTN* and *NR6A1* as well as the speculation mentioned in Duijvesteijn et al. \[[@CR13]\], none of the regions which exceeded 1% of the genomic variation for TTN (Fig. [1](#Fig1){ref-type="fig"}) were associated with vertebra number in this population \[[@CR23]\]. The only region in the validation phase associated with vertebra number \[[@CR23]\] was SSC12:26 Mb, which it had an extremely low additive effect (0.038). The region on SSC5:0 Mb was near a QTL for thoracic vertebra number (SSC5:1 Mb), which harbors *WNT7B* as candidate gene. However, there are clearly additional genetic factors that affect teat count since the USMARC Meishan population averages a 2.6 greater TTN \[[@CR43]\] while having 1.5 fewer ribs and 2.0 fewer thoracolumbar vertebra than the Landrace--Duroc--Yorkshire population used in this GWAS.

Final teat number is likely a composite trait for which the underlying genetic model begins with somite division, followed either by proliferation of the mammary buds and/or regression of milk buds which results in teat number at birth. If genetic variation exists for all segments of the mammary gland development, then more progress may be possible if selection is applied to the component traits. This was the hypothesis on which was based the study of the maximum number of teats on one side since this would be the best estimate of an animal's true genetic potential for the initial phase of somite proliferation. Measures of difference (L − R and DIF) may reflect regression of mammary buds. Based on the lack of genomic variation detected for L − R and DIF, these traits appear to be controlled by non-genetic factors. These factors must have a role during gestation, but the estimated effects of litter variation were zero for both L − R and DIF in the model development phase of this study. Similarly, Borchers et al. \[[@CR8]\] and Fernández et al. \[[@CR9]\] found virtually no effects of litter on L − R as well as only a minor effect of litter on count traits. While environmental factors such as stress and disease have been associated with fluctuating asymmetry in mammals \[[@CR44]\], the factors that regulate asymmetrical mammary development in pigs is still unknown.

Few studies have actually evaluated left and right teat count values in pigs. While approximately 60% of pigs have the same number of teats on each side \[[@CR8], [@CR10]\] and the current study, a range of −3 to +3 for L − R was reported by Borchers et al. \[[@CR8]\] and Fernández et al. \[[@CR9]\]. A much wider range was observed in the current study (−4 to +7). Based on a limited number of studies, it appears that, in pig, teat number on the left side is a more heritable than teat number on the right side. Borchers et al. \[[@CR8]\] reported a higher heritability for LTN than for RTN (0.20 vs. 0.18, respectively) although this difference was not statistically significant. Similarly, the current study found a 10% increase in heritability for LTN versus RTN in the model development dataset (Table [1](#Tab1){ref-type="table"}) and in the subset of these animals used for GWAS (Table [2](#Tab2){ref-type="table"}). Ding et al. \[[@CR6]\] reported ten QTL for LTN and only seven QTL for RTN (30% fewer RTN than LTN) and 18 versus 13 (28% fewer RTN than LTN) 1-Mb regions explained more than 1% of the genomic variation in this study. The observation of identical trends and nearly identical magnitudes of differences is compelling. Furthermore, a region on SSC6:136 Mb that was reported by Ding et al. \[[@CR6]\] to only affect LTN coincides with our results. In most studies \[[@CR6], [@CR9], [@CR10]\] and the current study, the mean RTN was slightly larger than the mean LTN; however, this trend was not found by Borchers et al. \[[@CR8]\]. Polythelia and polymastia were reported to occur more frequently on the right side in both humans \[[@CR45]\] and mice \[[@CR46]\] while missing mammary glands are most frequently observed on the left side in mice \[[@CR46]\], thus the larger number of teats on the right side concurs with these phenomena. The current study indicates that MAX has an even stronger genetic component than either LTN or RTN. As this study is the first to report the genetic analysis of MAX, more studies are needed before this result can be confirmed because the differences in the estimated heritabilities were not statistically significant.

Other factors that affect mammary gland development {#Sec15}
---------------------------------------------------

Studies of embryonic development in mice have shown that mammary glands of male fetuses regress between day 13.5 and 15.5 of gestation due to circulating androgens, such that after birth male pups do not possess mammary gland tissue \[[@CR47]\]. Based on this hypothesis, Drickamer et al. \[[@CR48]\] studied the effect of the percentage of males in a litter on teat number in pigs and found that the mean teat number decreased as the percentage of male pigs increased. Some studies in pigs have included a fixed effect for sex of the pig when analyzing teat number but either they did not indicate if the effect was significant or they did not present estimates of the effect \[[@CR8], [@CR13]\]. Willham and Whatley \[[@CR10]\] reported similar number of teats for male versus female piglets. Our data did not show any impact of the sex of the piglet (mean TTN of 14.73 for both male and female piglets) or of the percentage of males in a litter (regression coefficients were \<0.001 for all analyses). In fact, a query on three populations of commercial-type pigs born at USMARC (representing sampling industry animals in the 1993, 2000 and 2010--2015) resulted in virtually identical mean numbers of teats among male and female piglets (14.64 vs. 14.65; respectively) among more than 110,000 piglets.

Borchers et al. \[[@CR8]\] reported evidence that teat count was correlated with birth weight. In the USMARC populations studied here, this trend was also present (Fig. [2](#Fig2){ref-type="fig"}) in all three commercial-type populations that are maintained since the early 1990s as well as in a population created in 1980. Surprisingly, TTN was not associated with number of piglets born or vertebra numbers. Since mammary gland and teat development is already evident by 28 days of gestation, the causative factor(s) for the correlation between birth weight and TTN must occur in early stages of development. Based on the estimated litter variance for all analyzed traits, the factor(s) are not common to all fetuses within a litter. An improved understanding of these factors may enable increasing both teat number and birth weights in commercial swine.Fig. 2Average birth weight (kg) for piglets born by total number of teats from four different populations at USMARC derived from commercial genetics in 1980, 1993, 2000 and 2011. Each class has at least 800 animals represented in the mean value. No values for the 11 teat number class for 1993, 2000 or 2011 and the 17 teat number class for 1980 or 1993 are provided due to too few pigs

Selection for increased number of teats {#Sec16}
---------------------------------------

Estimated heritabilities indicate that selection would be successful for increased teat number. This was documented in sheep by Alexander Graham Bell \[[@CR49]\] who observed that some sheep were born with up to eight teats versus the normal 2. Selection pressure for teat number in swine has typically relied on a minimum threshold (independent culling level) where pigs that were above this threshold were selection candidates. Thresholds of either 12 or 14 were often implemented. A more dramatic increase in teat number could be obtained if more rigorous selection was applied.

Estimated heritabilities for teat number often range from 0.2 to 0.4 \[[@CR8]\]. The estimated heritability presented in Table [1](#Tab1){ref-type="table"} (0.49) was higher than the genomic heritability from GWAS (0.31) and the estimated heritability in the validation phase when no SNPs were fit (0.37). A contributing factor to these differences was the animals included in the analyses. During the development of the model, all animals born were included. However, for all other analyses, only genotyped animals were included. Most of the genotyped animals were females that had been retained for breeding so a minimum of 12 teats were required. As shown by the differences between minimum and maximum values in Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}, less phenotypic variation was present in the genotyped animals and the genetic variation estimated in these animals was lower. Arakawa \[[@CR50]\] found a lower heritability based on SNPs (0.34) than that estimated from pedigree information (0.43), which is similar to the current study.

If final teat number is the result of the number of mammary buds initially developed and a maintenance (or regression) component, which acts randomly relative to the side of the developing organism, then MAX would be a better indicator of the initial number of mammary buds than RTN or LTN. L − R or DIF could predict the maintenance or regression component; however, genetic variation for these traits was nil, thus selection based on these measures would likely be ineffective. Among the traits analyzed here, TTN is the trait with the highest heritability and the most phenotypic variation and since it is the most important trait for swine production, selective pressure to increase lactational capacity in commercial sows should focus on TTN. Based on the association between birth weight and teat number, this would result in a serendipitous increase of piglet birth weight if this association is due to genetics.

Conclusions {#Sec17}
===========

Selection to increase the number of teats is possible in pigs and use of genetic markers should expedite progress. Since individual side counts of teats is not commonly recorded, exploitation of loci that independently control RTN or LTN would be most effective with genetic markers. These results validate the effect of *VRTN* on teat number as well as the QTL located on SSC4:25 and SSC10:52 Mb, and we identified an important novel region on SSC14:51--55 Mb, which needs to be further studied. The most heritable trait that also possessed the most phenotypic variation was TTN. Therefore, without SNPs, single-trait traditional selection for TTN would yield the greatest gains; however, a selection index including TTN and MAX might slightly improve selection response. In this study, factors such as sex of the pig or of other pigs in the litter had no effect on TTN and there was no common environmental effect associated with fluctuating asymmetry for teat counts. The observed correlation between birth weight and teat number was unexpected and deserves further investigation. While it is clear that teat number can be increased in pigs, whether an increase in number of teats will result in increased total milk production still needs to be addressed.

Additional file {#Sec18}
===============

**Additional file 1: Table S1**. Information on 1-Mb windows that explained more than 0.4% of the genomic variation as determined by GENSEL. Description: A listing of the information from all 1-Mb windows (defined in SSC and Mb) that exceeded 0.4% of the genomic variation as determined by GENSEL. The number of SNPs within each window (\#SNPs), percentage of genomic variation explained by the SNPs on average across all post-burn-in samples (%Var), the frequency at which a 1-Mb window explained more than the average amount of genomic variation (p \> Average), the position of the first SNP (map_pos0) and last SNP (map_posn) in the window. The last eight columns pertain to the SNPs within the 1-Mb window with the largest estimated effect: SNP name, location in build 10.2, effect size, standard error of the estimate, frequency of SNP retention in each sample, allele frequency of the B allele in the population, T-test for the effect and simple P-value corresponding to the T-test.
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